Autophagy plays an important role in alleviating oxidative stress and stabilizing atherosclerotic plaques. However, the potential role of autophagy in endothelial vasodilation function has rarely been studied. This study aimed to investigate whether rhynchophylla total alkaloid (RTA) has a positive role in enhancing autophagy through decreasing oxidative stress, and improving endothelial vasodilation. In oxidized low-density lipoprotein (ox-LDL)-treated human umbilical vein endothelial cells (HUVECs), RTA (200 mg/L) significantly suppressed ox-LDL-induced oxidative stress through rescuing autophagy, and decreased cell apoptosis. In spontaneous hypertensive rats (SHR), administration of RTA (50 mg·kg -1 ·d -1
Introduction
Seeking antihypertensive drugs with vascular protective function is key to the treatment of hypertension. Inflammatory damage, oxidative stress and vascular endothelial dysfunction are considered the most important risk factors for vascular injury. Essential hypertension is a major contributor to the damage of vascular endothelial cells and the most relevant cardiovascular risk factor. Although the underlying mechanisms of hypertension are not yet fully clear, several studies have shown that oxidative stress is recognized as a central factor in pathophysiological hypertension. Moreover, oxidative stress and antioxidant system are ubiquitous aspects of animal models of hypertension [1, 2] , and oxidative stress is increased in patients with essential hypertension [3, 4] . The disintegration of the balance between vasoconstriction and vasodilation contributes to the disruption of endothelial cells, and oxidative stress is considered to play a key role in this pathogenesis [5] . The injury of vascular endothelial cells plays a critical role in the occurrence and development of atherosclerosis. The function of vascular endothelial cells is impaired in essential hypertension patients for many reasons, among which oxidative stress is a crucial factor [6] . Some major enzyme systems produce reactive oxygen species (ROS), such as nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and endothelial nitric oxide synthase (eNOS). NADPH oxidase is likely to be responsible for the increase in ROS in essential hypertension [7] . The insufficient nitric oxide (NO) bioavailability affected by eNOS may lead to endothelial dysfunction [8] . Elevated levels of ROS can decrease NO levels. NO instability enhances the production of superoxide anion, which in turn reacts with NO and produces peroxynitrite, thus further resulting in destruction of eNOS and generation of more superoxide [9] . Oxidation of LDL (ox-LDL) is an important risk factor in the atherogenic progression that leads to endothelial activation and injury, thus resulting in an inflammatory response [10] . Many inflammation markers are highly expressed in hypertensive patients [11] . Thus, protecting vascular endothelial cells from ox-LDL damage might be a focus for atherogenesis prevention in essential hypertension therapy.
Autophagy is a protective mechanism that defends plaque cells and endothelial cells against some stimulation in the arterial wall, especially oxidative injury [12, 13] . Moreover, autophagy increases NO bioavailability and decreases vascular inflammation, thereby decreasing oxidative stress and preserving NO-mediated arterial endothelium-dependent dilatation [14] . Two major signaling pathways, class I phosphatidylinositol-3 kinase (class I PI3K)/protein kinase B (PKB, also known as Akt)/mammalian target of rapamycin (mTOR) and adenosine monophosphate-activated protein kinase (AMPK)/sirtuin 1 (SIRT1), contribute to regulate the formation of autophagosomes [15, 16] . In recent years, studies have increasingly focused on activating autophagy through interfering with those pathways to decrease ox-LDL injury.
The rhynchophylla total alkaloid (RTA) is the major active ingredient of Uncaria. We have previously shown that RTA has a strong antihypertensive effect and a protective effect on human umbilical vein endothelial cells (HUVECs) . Further studies have demonstrated that RTA inhibits the secretion of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) through decreasing the inflammatory reaction in vessel walls [17, 18] . This study aimed to investigate whether RTA has a positive role in enhancing autophagy, thereby decreasing oxidative stress and improving endothelial vasodilation.
Materials and methods
The ethics committee of Shandong University of Chinese Traditional Medicine approved this study.
Antibodies
Antibodies against Beclin-1 (D40C5), LC3A/B (D3U4C), and eNOS (49G3) were from Cell Signaling Technology (Danvers, MA, USA); anti-p62 antibody (ab91526), anti-MAP1LC3B antibody (ab48394), and Anti-NADPH oxidase 4 antibody (ab133303) were from Abcam (Burlingame, CA, USA); pEGFP-LC3 was from Biovector Co, Ltd (Beijing, China); horseradish enzyme mark goat rabbit IgG was from Zhongshan Golden Bridge Biotechnology (Beijing, China); β-actin was from Nanjing Jiancheng Biological Engineering Institute (Nanjing, China).
The preparation of RTA RTA was provided by Prof Hong-lei ZHOU of the Shandong University of Traditional Chinese Medicine. Briefly, RTA was extracted by ethanol in Uncaria. The extraction time was 2 h, and three extractions were performed with 75% ethanol. The purification process was performed with a macroporous cation exchange resin 732 column at a 1 mL•min -1 flow rate. 10 BV water and 6 BV 80% ethanol, respectively, were used to remove impurities. Finally, 1% ammonium and 80% ethanol were used for elution. RTA was dissolved in DMSO and then diluted to the working concentration. The content of DMSO was 4%. The solution was stored at 4 °C.
Cell culture and drug treatment
HUVECs were provided by the Central Laboratory of the Shandong University of Traditional Chinese Medicine. HUVECs were cultured in endothelial cell medium (ECM) containing 5% FBS, 1% ECGS and 1% P/S Solution (ScienCell, California, USA). Cells were maintained at 37°C and 5% CO 2 in a humidified incubator. HUVECs were incubated with 100 μg•mL -1 ox-LDL (Solarbio, Beijing, China) as a control. Except for the normal control group (cultured only with ECM), other groups were cultured with drugs for 1 h before adding ox-LDL. All cells were incubated for an additional 24 h before analysis, in accordance with our previous study. Animals 7-week-old male spontaneously hypertensive rats (SHR) and Wistar-Kyoto (WKY) rats were obtained from Vital River Laboratory Animal Technology Co (Beijing, China). SHR were randomly assigned to 4 groups, and the WKY rats were assigned to normal groups (n=8 rats per group The plasma concentration and metabolism of RTA Briefly, plasma was separated from blood by centrifugation at 2220×g for 15 min. Methanol (500 μL) was added to the plasma samples (100 μL) and then analyzed by liquid chromatography-electrospray ionization Q-Exactive. Separations were performed on Halo C18 columns (2.1×100 mm, 2.7 μm, advanced materials technology). The electrospray ionization mass spectrometry spectra were acquired in positive ionization mode (m/z: 385. Corporation, Billerica, USA), and the average densitometric analysis was conducted using Image-Pro Plus 4.5 software.
MAP1LC3B immunofluorescence microscopy
Cells or tissue sections were rinsed in phosphate-buffered saline, fixed in 4% paraformaldehyde at room temperature for 20 min, and then blocked with immunol staining blocking buffer for 1 h at 4°C. MAP1LC3B antibody (1:50) was added and incubated overnight at 4°C. After being washed with phosphate buffered saline, cells were incubated with the appropriate secondary antibody (1:100) for 1 h at room temperature, and the nuclei were stained with DAPI (Beyotime Biotechnology, Shanghai, China). Thereafter, cells were observed by laser-scanning microscopy (Zeiss Vert.A1, Carl Zeiss Canada).
Transfection of GFP-LC3 and si RNA Cells were seeded on cover slips in 24-well plates. The next day, according to the manufacturer's instructions, we used Lipofectamine 2000 in OPTI-MEM medium to transiently transfect the 0.8 mg plasmid/well GFP-LC3 expressing plasmids into the cells in 37°C for 6 h, and then, cells were cultured with ECM medium (containing 5% FBS) for 24 h. The transfection efficiency of GFP-LC3 was 65%. Cover slips were mounted on glass slides, and cells were observed by fluorescence confocal microscopy. We counted the number of GFP-LC3 punctuated dots on a per-cell basis in at least 3 different trials [50] . Adenovirus vector was used for si RNA transfection. According to the manufacturer's protocol (Han Biological Technology Co, Ltd, Shanghai, China), briefly, after cells reached 50%-70% confluence, adenovirus vector was added according to the adenovirus small volume infection table (MOI=100). After transfection for 48 h, the expression level of beclin-1 in adenovirus-transduced cells was detected to confirm successful knockdown.
Apoptosis measurement (Annexin-V/ PI double staining) Apoptosis was determined by flow cytometry using an Apoptosis Detection Kit (Annexin-V/PI double staining). Briefly, according to the manufacturer's instructions, after different treatments, cells were digested with pancreatic enzyme (excluding EDTA). We collected and washed cells and then added 400 μL 1×Annexin V binding buffer to keep the cells in suspension. Next, cells were incubated with Annexin V-FITC staining fluid for 15 min at 4°C in a dark environment, and then, PI staining solution was added and incubated for 5 min at 4°C. The apoptosis rate of HUVECs was detected by flow cytometry.
Transmission electron microscopy (TEM)
The autophagosomes were observed by TEM. After collection, cells formed a dense cell mass and were then fixed with 3% glutaraldehyde fixation fluid (pH 7.2-7.4), According to the conventional TEM sample preparation method, cells were rinsed, fixed in 1% osmic acid, rinsed, dehydrated, saturated, and embedded in Epon812; Semithin sections were cut with an LKB-V ultra-thin slicing machine, electronically dyed with lead citrate and uranium acetate, and examined with a JEOL-1200EX transmission electron microscope.
Vascular ring tension test
Isolated rat thoracic aortas were maintained in 5.0 mL of Krebs solution (composition in mmol/L: NaCl 118, KCl 4.75, NaHCO 3 25, MgSO 4 1.2, CaCl 2 2, KH 2 PO 4 1.2 and glucose 11, pH 7.4,) and gassed with 95% O 2 and 5% CO 2 at 37°C. After being cleaned up under a microscope and clipped into 4 mmlong aortic rings, aortic rings were connected to hooks and maintained with 1 g resting tension for 60 min. Then phenylephrine
) in 5 mL of Krebs solution was added, and samples were incubated until vascular tension stability was achieved; then, we added acetylcholine (ACh) (10 −9 -10 −5 mol•L -1 ) and recorded the changes in the tension. Krebs solution was used to flush aortic rings to restore their initial tension state, and then, aortic contraction was excited by phenylephrine (0.1 mmol•L -1 ). Until the maximum tension was reached, sodium nitroprusside (SNP) was gradually added to relax blood vessels.
Superoxide dismutase (SOD) and microscale malondialdehyde (MDA) assay SOD activity in cell culture supernatants and ser were measured with an SOD assay kit (WST-1 method) (Nanjing Jiancheng Biological Engineering Institute, Nanjing, China). Briefly, according to the kit instructions, before formal detection, we selected two normal control-group samples to check as preliminary experiments, and the absorbance was measured at a wavelength of 450 nm. MDA content analysis was performed with Microscale MDA assay kit (TBA method) (Nanjing Jiancheng Biological Engineering Institute, Nanjing, China). After treatment, cell culture supernatant samples (0.1 ml) were detected in the 532-nm wavelength.
Serum NO, T-AOC and GSH-PX assay Blood samples were taken from the inferior vena cava. After standing for 30 min, blood was centrifuged to obtain serum. The level of NO in serum was determined with an NO assay kit (Nitrate reductase method) (Nanjing Jiancheng Biological Engineering Institute, Nanjing, China). Briefly, referring to the kit instructions, reagent was added sequentially, and each step was performed in accordance with the requirements. After centrifugation, the supernatant was collected for coloration. Finally, the absorbance was measured at a 550-nm wavelength. Total antioxidant capacity (T-AOC) and GSH-PX in serum were determined with a T-AOC assay kit (Nanjing Jiancheng Biological Engineering Institute, Nanjing, China) and a GSH-PX assay kit (Nanjing Jiancheng Biological Engineering Institute, Nanjing, China). All steps were performed in accordance with the kit instructions, and the absorbances were measured at 520-nm and 412-nm wavelengths.
Serum ALT, AST and creatinine assay ALT, AST and creatinine diagnostic kits were obtained from Sysmex Corporation (Kobe, Japan). All steps were performed in accordance with the manufacturer's instructions for diagnostic kits. The levels of ALT, AST and creatinine in the serum www.nature.com/aps Li C et al
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were determined with a CHEMIX-180 automatic biochemistry analyzer (Sysmex Corporation).
Statistical analysis
Data from at least three independent experiments are presented as the mean±SD. Two-group comparison was performed using a t-test for independent samples, whereas oneway ANOVA with Bonferroni's multiple comparison post hoc test was used for multiple-group statistical analyses. Raw data were analyzed with SPSS 17.0 software (SPSS, Inc, Chicago, IL, USA), and images were processed with Graphpad Prism 6 (GraphPad Software, La Jolla, CA, USA). P-Values<0.05 were considered statistically significant.
Results

Autophagy protected against apoptosis in ox-LDL-treated HUVECs
To address the role of autophagy in ox-LDL-treated HUVECs, first, we detected the changes of autophagy in ox-LDL-treated HUVECs. As shown in Figures 1A-C, ox-LDL decreased the levels of LC3-II and beclin-1 in a time-dependent manner in HUVECs, and the effect was pronounced 24 h after ox-LDL exposure. In addition, the accumulation of p62 was markedly increased at 24 h after ox-LDL exposure. Rapamycin (Rap, an inhibitor of mTOR) and 3-methyladenine (3-MA, an inhibitor of autophagy) were used to activate and inhibit autophagy separately. The impaired autophagy in ox-LDL-treated HUVECs was rescued by Rap but aggravated by 3-MA (Figure 1D ). The number of MAP1LC3B and GFP-LC3 dots also demonstrated a change in autophagy level (Figure 1e ). In the next experiment, the apoptosis rate was detected to demonstrate the role of autophagy in ox-LDL-treated HUVECs. As shown in Figure 1f , the apoptosis rate was clearly increased after ox-LDL treatment for 24 h, and this injury was rescued by Rap but exacerbated by 3-MA. These data suggested that Rap protects against apoptosis in ox-LDL-treated HUVECs via enhancing autophagy, and the opposite effect is exerted by 3-MA, which exacerbates the impaired autophagy induced by ox-LDL.
RTA protected HUVECs from oxidative damage through rescuing the impairment of autophagy in ox-LDL-treated HUVECs
Our previous studies have demonstrated that RTA has a protective effect on vascular endothelial cells in SHR. Therefore, we investigated the effect of RTA on autophagy in ox-LDL-treated HUVECs. The impairment in autophagy was rescued by RTA, as demonstrated by the increased LC3II content, Beclin-1 level and the GFP-LC3 dots (Figures 2A and  2F ). Autophagosomes were also observed by transmission electron microscopy (TEM); we found fewer autophagosomes and more lipid droplets after ox-LDL exposure, and this phenomenon was reversed by RTA. Furthermore, 3-MA played an opposite role that counteracted the effects of RTA ( Figure  2E ). We also performed apoptosis assays by double staining with Annexin V/PI to indicate the protective role of RTA in ox-LDL-stimulated HUVECs. RTA protected HUVECs from oxidative damage induced by ox-LDL, but that protection was abolished by 3-MA ( Figure 2B ). As shown in Figures 2C and D, RTA rescued the impaired antioxidant capacity manifested by the increased superoxide dismutase (SOD) activity and lower microscale malondialdehyde (MDA) content. To attain more convincing results, we used beclin-1 small interfering RNA (si RNA) to knock down beclin-1. In HUVECs transfected with con si RNA, RTA significantly rescued autophagy, as manifested by increased beclin-1 and LC3-II/β-actin ratios, and inhibited ox-LDL-induced cell apoptosis. RTA alleviated oxidative damage via rescuing the impaired autophagy manifested by the increased SOD activity and lower MDA content. In contrast, this result was not observed in Beclin-1 knockdown HUVECs (Supplementary Figure 1) . Together, these results showed that RTA alleviates oxidative damage via rescuing the impaired autophagy in ox-LDL-treated HUVECs.
RTA improved endothelium-dependent vasodilation through enhancing autophagy in SHR An increasing body of evidence indicates that autophagy can be activated by oxidative stress and further degrades oxidative damage [19, 20] . However, long-term oxidative stress can impair autophagy. It has been reported that oxidative stress is ubiquitous in animal models of hypertension and plays a primary role in endothelial dysfunction [1, 2, 21] . Because RTA mitigated oxidative damage by enhancing autophagy, we further investigated whether RTA might improve endothelium-dependent vasodilation function through autophagy induction in SHR. We tested the toxic reactions of RTA and found no significant fluctuation in body weight or food and water intake in rats ( Supplementary Figures 2A-C) . Serum alanine transaminase (ALT), aspartate aminotransferase (AST) and creatinine also showed no impairment in the liver and kidney (Supplementary Figures 2D-E) . As shown in Figure 3A , the endotheliumdependent vasodilation function stimulated by ACh was markedly decreased in SHR. In contrast, RTA and Rap clearly improved the endothelium-dependent vasodilation function, whereas 3-MA inhibited this effect. However, we also found that each group of thoracic aorta relaxation activity stimulated by sodium nitroprusside (SNP) had a good reaction in the endothelium-independent dilation test. Furthermore, we evaluated the serum levels of NO and the expression of eNOS in the thoracic aorta. The data indicated that RTA markedly promoted the production of NO ( Figure 3B ) and the level of eNOS ( Figure 3C ), both of which were impaired in SHR. As expected, this result was not observed in the group treated with 3-MA and RTA. Moreover, autophagy was markedly enhanced by RTA, as indicated by the increased levels of LC3II and beclin-1 ( Figure 3D ). The number of MAP1LC3B dots in the endothelium of the thoracic aorta also demonstrates the effect of RTA ( Figure 3E ). These data suggested that RTA improves endothelium-dependent vasodilation function through enhancing autophagy in SHR.
RTA strengthened antioxidant capacity and alleviated oxidative damage through enhancing autophagy in SHR Owing to the close relationship between endothelium-depen-349 www.chinaphar.com Li C et al Acta Pharmacologica Sinica dent vasodilation function and oxidative stress, we analyzed the antioxidant ability and oxidative damage in SHR. As shown in Figure 4A , RTA clearly increased the total antioxidant capacity (T-AOC) in SHR, and this effect was inhibited by 3-MA. Furthermore, the decreased SOD activity and glutathione peroxidase (GSH-PX) levels, as well as greater MDA content in SHR, were reversed by RTA treatment ( Figures   4B-D) . Rap had a similar effect to RTA in increasing the antioxidant capacity and mitigating oxidative stress. A decreased production of NO or an increased production of ROS leads to an imbalance that promotes endothelial dysfunction. The most important source of ROS in the vasculature is NADPH oxidase [22] . In our study, we separately analyzed the expression of NADPH oxidase 4 (Nox4) in the thoracic aorta and Figure 1 . Autophagy protected against apoptosis in ox-LDL-treated HUVECs. Autophagy was obviously impaired by ox-LDL (100 μg/mL) in a timedependent manner in HUVECs, and an obvious effect occurred at 24 h after ox-LDL exposure, which was manifested by the decreased LC3II content (A), beclin-1 level (B), and the increased p62 level (C). (D-E) HUVECs were incubated with either the culture medium (control) or ox-LDL (100 μg/mL) in the absence or presence of rapamycin (Rap; 100 nmol/L) and 3-methyladenine (3-MA; 5 mmol/L) for 24 h. It was shown that the impaired autophagy in ox-LDL-treated HUVECs was rescued by Rap, which was aggravated by 3-MA. (F HUVECs. RTA clearly decreased the expression of Nox4 in the thoracic aorta, but this effect was counteracted by 3-MA ( Figure 4E ). In ox-LDL-treated HUVECs, a similar result was found ( Figure 4E ). These data suggested that RTA strengthens antioxidant capacity and mitigates oxidative damage through enhancing autophagy.
Promotion of autophagy by RTA was relevant to activating the AMPK signaling pathway To further investigate the signaling mechanisms of RTA in rescuing autophagy in ox-LDL-treated HUVECs, we detected the activation status of AMPK signaling. RTA markedly increased p-AMPK expression in ox-LDL-treated HUVECs ( Figure  5A ). Compound C, an AMPK inhibitor, was used to identify whether the AMPK signaling pathway was involved in the promotion of autophagy by RTA. As shown in Figures 5B-D , compound C reversed RTA's effects in increasing LC3II content, beclin-1 level and GFP-LC3 dots. These data suggested that the AMPK signaling pathway is involved in the promotion of autophagy by RTA.
Discussion
Vascular endothelial dysfunction is a crucial factor in the occurrence of atherosclerosis caused by hypertension, and oxidative stress is considered to be its major inducer [21, 23] . Therefore, protecting vascular endothelial cells against oxidative stress injury can effectively delay the occurrence and development of atherosclerosis in patients with hypertension. Despite extensive reports indicating that oxidative stress contributes to endothelial dysfunction and atherogenesis, antioxidant treat- ment has failed to show a significant benefit. Our study demonstrated that autophagy protected against apoptosis in ox-LDL-treated HUVECs. However, long-term oxidative stress can damage autophagy; RTA had a positive role in enhancing autophagy and thus decreasing ox-LDL-induced oxidative damage and improved endothelial vasodilation; RTA improved the antioxidant capacity and alleviated oxidative damage through enhancing autophagy in SHR. In addition, promotion of autophagy by RTA resulted in activation of the AMPK signaling pathway.
Autophagy is a dynamic and highly conserved regulated cellular catabolic process that delivers long-lived proteins and organelles into lysosomes for degradation and recycling [24, 25] . LC3, a ubiquitin-like protein, is an excellent marker for monitoring autophagy. LC3 is classified into two forms, nonlipidated and lipidated, which are referred to as LC3-I and LC3-II, respectively. However, the total amount of LC3 is not necessarily increased in mammalian cells when autophagy is induced, because there is a possibility of conversion of LC3-I to LC3-II [48, 49] . Moreover, LC3-II is closely related to the for- mation of autophagosomes. Accordingly, the quantification of changes in LC3-II is widely used to evaluate autophagy. Of note, levels of LC3-II should be compared to actin, but not to LC3-I [50] . To accurately evaluate autophagy, we also examined the expression of beclin-1 and p62. In vitro experiments have shown that autophagy decreases oxidative stress and increases NO production [14] . It has been reported that autophagy attenuates endothelial inflammation [26] and stabilizes atherosclerotic plaques [12] . Autophagy has also been found to protect the heart from inflammation and cardiac injury induced by hypertension [27] . However, the potential role of autophagy in the endothelial vasodilation function has rarely been reported.
It has been demonstrated that oxidative damage induced by ox-LDL results in cell apoptosis. Autophagy is generally considered a protective factor in the vasculature and disease; nevertheless, the role of autophagy in the endothelial cells exposed to ox-LDL is controversial. We first detected the role of autophagy in ox-LDL-treated HUVECs. Our results showed that autophagy was induced in HUVECs of ox-LDL treated for 6 h, as indicated by the increased levels of LC3II and Beclin-1. It has been reported that exposure to ox-LDL for 6 h also induces autophagy in HUVECs [51] , and ox-LDLinduced autophagy has been associated with the endoplasmic reticulum stress and cytosolic calcium deregulation mediated by ox-LDL [52] . However, autophagy was impaired by ox-LDL in a time-dependent manner in HUVECs, and a clear effect was observed at 24 h after ox-LDL exposure. In addition, enhancement of autophagy by Rap decreased apoptosis in ox-LDL-treated HUVECs, whereas 3-MA exerted an opposite effect. It has also been reported that enhancing autophagy is a protective mechanism that attenuates oxidative stress and ox-LDL-induced HUVEC apoptosis [19] . Our previous studies have confirmed that RTA has a strong effect of decreasing blood pressure and inhibiting inflammatory damage, through a mechanism associated with decreasing the levels of ICAM-1 and VCAM-1 and increasing the production of NO [17, 18] . Next, we explored the effect of RTA on autophagy in ox-LDL-treated HUVECs. RTA was found to play a novel protective role for HUVECs exposed to ox-LDL manifested by the apoptosis assay results. In addition, RTA also increased SOD activity and decreased MDA content. We therefore concluded that RTA relieves oxidative injury and protects against ox-LDL-induced HUVEC apoptosis. Moreover, TEM showed that the number of autophagosomes was lower in the ox-LDL group (incubated with ox-LDL for 24 h) compared with the control group. After culturing with RTA, we also found more autophagosomes and fewer lipid droplets. Moreover, RTA clearly increased LC3II levels, Beclin-1 expression and the number of GFP-LC3 dots that were counteracted by 3-MA. The effect of RTA in alleviating the oxidative damage was abolished in beclin-1 knockdown HUVECs. These data provide evidence that RTA protects HUVECs against oxidative damage by enhancing autophagy in ox-LDL-treated HUVECs.
Endothelial dysfunction, which is an early feature of atherosclerosis in patients with hypertension, has been found to increase the risk of cardiovascular diseases [28] . The involvement of oxidative stress in endothelial dysfunction and atherosclerosis development in hypertensive patients is well established, and ox-LDL plays a primary role [10, 22] . A previous study has shown that ox-LDL leads to ROS accumulation [19] and activates autophagy, thus attenuating oxidative injury in HUVECs [16, 19, 20] . According to extensive studies, autophagy is a cellular self-protective measure that can attenuate oxidative stress in vascular endothelial cells. Therefore, we speculate that RTA may have a positive role in enhancing autophagy, thus decreasing oxidative stress to improve the endotheliumdependent vasodilation function, which is the central feature of vascular endothelial dysfunction. Further studies are warranted to validate this possibility. We first tested the toxicity reactions, plasma concentration and metabolism of RTA. No toxic reactions were observed in the animals during our experiment (Supplementary Figure 2) . The active ingredients of RTA in vivo are mainly rhynchophylline (43%) and isorhynchophylline (21%), according to a previous report [53] . The rhynchophylline concentration was 139.673 ng/mL at 30 min, and it reached a maximum (1128.241 ng/mL) at 2 h. The rhynchophylline concentration was 9.863 and 0.447 ng/mL at 12 h and 24 h, respectively. The isorhynchophylline concentration was 78.074 ng/mL at 30 min, and it reached a maximum (459.482 ng/mL) at 2 h. The isorhynchophylline concentration was 6.913 ng/mL and 1.392 ng/mL at 12 h and 24 h, respectively (Supplementary Figure 3) . Next, we explored the endothelial vasodilation function by using a vascular ring ten- www.nature.com/aps Li C et al Acta Pharmacologica Sinica sion test. RTA and Rap markedly improved the endotheliumdependent vasodilation function through enhancing autophagy, whereas inhibition of autophagy exerted the opposite effect. In contrast, there were no significant differences among the groups in the endothelium-independent vasodilation function test. NO, a vasodilator, plays an important role in the regulation of vascular tone [6] . An imbalance of NO and ROS, socalled oxidative stress, may contribute to endothelial dysfunction [21, 29] . Our results showed that RTA increased the NO content in SHR serum and the expression of eNOS in SHR aorta, whereas these effects were abolished by 3-MA. These data suggested that RTA has a positive role in improving the endothelium-dependent vasodilation function through enhancing autophagy. Another study has also shown that B-Fe 3 O 4 NPs induces autophagy dysfunction in HUVECs and eventually leads to endothelial dysfunction and inflammation [30] . In our study, we used a vascular ring tension test to more directly verify the endothelial vasodilation function in vivo, not just the production of NO and eNOS. We also found that RTA improved endothelial vasodilation function, which has also been shown to decrease SHR blood pressure in our previous studies.
In hypertension, increased inactivation of NO resulting from oxidative stress promotes endothelial dysfunction, and ROS is considered to be a primary factor [31] . In addition to directly inhibiting NO activity, ROS decreases the production of NO by inducing eNOS uncoupling [30] . Owing to the close relationship between endothelium-dependent vasodilation function and oxidative stress, we analyzed the antioxidant ability and oxidative stress in SHR. We first detected the T-AOC and GSH-PX in SHR serum. RTA clearly increased the levels of T-AOC and GSH-PX in SHR serum, whereas 3-MA abolished this effect. SOD, a major antioxidant enzyme, decreases ROS bioavailability and inhibits oxidative inactivation of NO in endothelial cells [32, 33] . Nox4, an isoform of NADPH oxidase, has been identified in vascular walls (particularly VSMCs and endothelial cells) and increases NADPH-dependent ROS production and decreases the bioactivity of NO [34] . Therefore, we speculated that RTA might promote the production of NO by regulating Nox4 expression and SOD activity. RTA rescued the impaired SOD activity and decreased the expression of Nox4 in SHR. As expected, 3-MA blocked the effect of RTA. These data suggested that RTA increases the antioxidant capacity and mitigates oxidative damage through enhancing autophagy. In addition, our data also provided evidence that the upregulation of NO induced by RTA may be related to the decreased Nox4 production and the increased SOD activity. It has been reported that adiponectin stimulates autophagy and increases SOD activity [35] . Some recent studies have also demonstrated that Nox4 promotes autophagy [36] [37] [38] . However, our study indicated that RTA decreased the expression of Nox4 by enhancing autophagy.
We further investigated which signaling pathway mediates the promotion of autophagy by RTA. AMPK activation is required for the induction of autophagy [39, 40] . Several studies have also suggested that AMPK is a key player in the regulation of lipid metabolism [41] , protein synthesis [41] , and redox regulation [42, 43] . Therefore, we analyzed the activation status of AMPK signaling. Our results showed that RTA markedly upregulated p-AMPK (Thr-172) expression, and this effect was abolished by compound C (an inhibitor of AMPK). Moreover, compound C inhibited the promotion of autophagy by RTA, thus suggesting that promotion of autophagy by RTA results in activation of the AMPK signaling pathway. Several recent studies have shown that activation of AMPK improves endothelial function by increasing eNOS expression and promoting NO production, both of which are associated with activation of the AMPK/eNOS pathway [44] [45] [46] . In addition, activation of AMPK inhibits Nox4 expression and restrains Nox-derived ROS overproduction [47] . Therefore, we speculated that activation of AMPK by RTA might be involved in improving endothelial vasodilation function by promoting eNOS expression and NO release. However, further experiments are needed to verify this possibility.
However, several limitations of our study should be noted. Because we determined the optimum culturing concentration of ox-LDL in our previous study, experiments under other conditions of ox-LDL were not performed. In this study, we primarily observed the effect of RTA on autophagy and endothelial vasodilation function. We will further investigate how RTA activates AMPK signaling in our next study. In addition, more studies are needed to elucidate the potential mechanisms of alleviating the oxidative stress.
Conclusions
RTA has a positive role in enhancing autophagy impaired by ox-LDL in HUVECs, thus decreasing oxidative stress and improving endothelium-dependent vasodilation function; AMPK signaling is involved in the promotion of autophagy by RTA. Hypertension treatment is not meant only to control blood pressure; target-organ protection is also important. Our findings provide new insights into the treatment of hypertension and the development of antihypertensive drugs.
